Heptanol blocks sodium current (INa) in nerve, but its effects on cardiac INa have not been well characterized. Block of INa by heptanol was studied in 16 internally perfused voltage-clamped cardiac Purkinje cells at reduced Na+ (45 mM outside, 0 mM inside). Heptanol block of peak sodium conductance was well described by a single-site binding curve with half block at 1.3 mM (20°C) and showed no "use dependence." With 1.5 mM heptanol, block increased slightly by 0.7%10C from 10°C to 27°C. With 3.0 mM heptanol, steady-state availability shifted by 9.4+1.3 mV (n=6) in the hyperpolarizing direction, and steady-state activation shifted by 8.3 ±2.2 mV (n=5) in the depolarizing direction, thus closing off the INa "window current." Heptanol also decreased the time to peak and accelerated the decay of INa. Similar results were found with octanol at lower concentrations. These alcohols have important effects on cardiac INa at concentrations used in studies for cellular uncoupling in heart. (Circulation Research 1991;68:977-983) C hanges in conduction of the cardiac action potential contribute importantly to the genesis of cardiac arrhythmias through such mechanisms as reentry. Heptanol is used as a cellular uncoupler to study slowing of conduction in cardiac preparations.1-4 However, conduction can be slowed both by block of sodium current (INa) and by cellular uncoupling due to block of gap junctions. Conduction experiments to date have assumed that slowed conduction is primarily due to the effect of heptanol on gap junctions,1 although the effects of heptanol on INa in cardiac tissue have not been well described.
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Heptanol blocks INa in squid axon,5-7 but differences in the cardiac and nerve sodium channel (e.g., differences in structure,8 sensitivity to tetrodotoxin block,9 and sensitivity to local anesthetics'0) allow that heptanol's effects could be different in the heart. Heptanol and octanol have also been shown to block the slow inward calcium current in guinea pig myocytes and to cause uncoupling of cell pairs in the end-plate current in toad sartorius muscle.13 These diverse effects on various current types make the contention that heptanol and octanol are specific blockers of gap junctions unlikely. Therefore, we undertook this study to describe for the first time the detailed effects of heptanol on cardiac INa under rigorous voltage-clamp conditions.
Materials and Methods
A large suction pipette was used to voltage-clamp and internally perfuse segments of enzymatically isolated cardiac Purkinje cells. The isolation pro-cess14 and experimental methods15 have been described in detail previously. Briefly, command voltages were imposed through a Masscomp 5450 computer (Concurrent, Tinton Falls, N.J.) with a 12-bit digital-to-analog converter, and currents were measured via a virtual ground circuit through a 16-bit analog-to-digital converter. Currents were filtered by an eight-pole Bessel filter with a cutoff frequency of 10 kHz and digitally sampled at either 40 or 100 kHz, depending on the specific protocol. Peak INa was obtained after correcting for passive leak current, which was measured as the current remaining after a 50-msec depolarization to 0 mV. Temperature was controlled by a Peltier device, and cells were studied at 20°C for all studies other than those examining temperature dependence of block.
The solutions were selected to suppress all currents other than INa. The external solution used in the bath was composed of (mM) NaCI 45, CsCl 105, CaCi2 2, MgCl2 1, and HEPES 10 (pH 7.2). The internal solution used to perfuse the cell was composed of (mM) NaCl 0, CsF 150, HEPES 10, and EGTA 10. The reversal potential was 65 mV for these solutions (cesium has some permeability through sodium channels16). Heptanol's water solubility is great enough to allow the making of aqueous solutions with concentrations up to 10 mM. On the other hand, octanol's solubility was borderline at these concentrations, and all solutions were periodically agitated to maintain a colloidal solution. For all experiments, heptanol or octanol was applied to the outside of the cell in the bath solution, although inside application caused similar results when diffusion distances were taken into account.10 Solutions were flowed continuously through the bath chamber and the pipette to maintain consistent concentrations. Solution changes were made rapidly by switching a valve that allowed solution to enter from either of two sources. All current decays were fit to a sum of exponentials by a program that used a Fourier transform to determine the number of components to the fit and a nonlinear least-squares regression to determine the parameters of the fit.17 Steady-state INa availability and peak activation protocols were fit to a Boltzmann equation by a nonlinear least-squares fit.
All numerical results are expressed as mean±SD.
Cell capacity, capacity current decay, seal resistance, peak current-voltage relations, and steady-state INa availability were measured in control solutions before accepting a cell for study. Cells were rejected for the following reasons: seal resistance of less than 15 MQ, capacity decay time constant greater than 30 ,usec, or loss of voltage control as evidenced by a steep negative slope on the peak INa-voltage relation. For the 19 cells included in this study (16 with heptanol, relations obtained by measuring peak sodium current at various test potentials in the presence and absence of heptanol. Heptanol block of the Control sodium current was calculated by comparing the Heptanol peak conductance (GNa) values using the equa-Wash tion: fractional block=1-[GNa(drug)/GNa(control)]. GNa was calculated from the peak current-voltage relation by computing the slope of the linear portion of the curve for test potentials greater than -30 mV In this example, heptanol reduced GNa by 70% from 850 to 220 nS, with recovery to 690 nS on washing heptanol from the bath. The differences in the shapes of the curves are heptanol-induced shifts in gating kinetics superimposed on the baseline hyperpolarizing shift in gating kinetics. three with octanol), the cell capacity was 74± 21 pF, seal resistance was 48 +38 MfQ, peak of the INa-voltage relation was 77±45 nA, and the midpoint of the availability curve was -105+9 mV.
Results
Heptanol blocked INa in millimolar concentrations. Figure 1 shows the effects of 3.0 mM heptanol on individual INa tracings as well as on the full peak current-voltage relation. For this concentration of heptanol, the level of block, as calculated by comparing the slope conductances, was 70.3+±3.8% (n=3).
We calculated heptanol block of INa by comparing the slope conductances, which represent a more accurate measure of block than peak of the current-voltage relation, because this peak is also dependent on kinetic parameters that are changing as a result of heptanol exposure (to be discussed below). The individual current tracings show that the time to peak has been shortened and that the decay phase has been accelerated by heptanol. A detailed study of the onset of heptanol effect was not done, but heptanol's full effects were observed within 2 minutes of initiating the washing in of the heptanol-containing solution. The incomplete return of INa on washout shown in Figure 1 was observed consistently and was increasingly less complete as the duration of exposure of the cell to heptanol was prolonged.
The relative decreases in conductance caused by heptanol (0.03-10 mM) were used to construct the dose-response curve seen in Figure 2 . The curve drawn through the data represents a Michaelis-Menton fit, with a 50% block occurring at a concentration of 1.3 mM heptanol. This function was chosen because it represented a good mathematical description of the data and was not meant to imply a specific mechanism. The level of block ranged (Figure 3 ). Technical limitations (seal stability and voltage control) precluded experiments at temperatures greater than 27°C.
In an attempt to characterize the nature of the block by heptanol, we performed pulse-train experiments to look for changes in the degree of block that might be associated with a specific channel state. At pulsing frequencies from 0.1 to 4 Hz, we observed no change in the degree of block; that is, heptanol does not exhibit any use dependence. A representative experiment with 3.0 mM heptanol is shown in Figure  4 , in which a 4-Hz pulse train was applied to the cell and no significant change in block was observed after more than 100 pulses. The fall in block seen in control is in agreement with previous studies19 and may represent a buildup of slow inactivation.
To further define the nature of heptanol's block, we examined its effects on the kinetic parameters of INa. The changes in steady-state inactivation are illustrated in Figure 5 . GNa was calculated from the peak currentvoltage relation by computing the slope of the linear portion of the curve for test potentials greater than -30 mV Fractional block by 1.5 mM heptanol was determined in six cells at the indicated temperatures. The line represents a least-squares linear regression fit to the data. The slope indicates a small but statistically significant increase in fractional block of 0. 7%/°C (r=0.83, p<0.05).
though the slope of the normalized curve remained nearly constant. To quantify this shift, a plot of the half-inactivation point versus time for a single cell was made and is shown in Figure 6 . Such an approach was necessary because our preparation exhibits a baseline hyperpolarizing shift with time in control solutions. 15 The trend of the shift is linear enough to allow a straight line to be drawn through successive control values to determine an interpolated control value with which to compare The voltage-clamp protocol diagram is shown as an inset in the top panel. The cell membrane potential was changed from the standard holdingpotential of -150 mVto the conditioning potential shown on the abscissa for 500 msec before stepping to 0 mV The peak sodium current (INa) obtained for a step to 0 mV is plotted against the conditioning potential.
heptanol. When this method was used, the shift observed in 3.0 mM heptanol was computed to be 9.4+1.3 mV (n=6 exposures to heptanol in two cells). The shift was observed for all concentrations of heptanol that caused appreciable block and was positively correlated with the concentration of heptanol applied.
Analysis of the peak current-voltage data revealed changes in the kinetics of activation with heptanol exposure that are shown in Figure 7 . The activation relation shifted in the depolarizing direction, opposite the direction of the shift in the inactivation parameters. For the experiment illustrated in Figure  7 T ime (m n) FIGURE 6. Graph showing changes in the midpoint of the steady-state inactivation relation (Vh =1/2) with time into the experiment and with repeated exposures to 3.0 mM heptanol. Vh =1/2 was obtainedfrom steady-state inactivation curves such as those shown in Figure 5 . Heptanol induced a negative shift that was superimposed on the baseline shift. The heptanol effect was reversed on removal of heptanol from the bathing solution.
mann slope of the activation curve was flattened noticeably by the addition of heptanol. For the example in Figure 7 , the Boltzmann slope increased from 6.6 to 10.1, with higher values representing the flattening of the curve. The slope tended to flatten with time during the experiment; thus, this example exaggerates the true flattening. When the change in slope was calculated from the interpolated control value as described above, the slope increased by Normalized conductance-voltage relations were calculated from data obtained by depolarizing the membrane from a holdingpotential of -150 mVto various test potentials (voltage-clamp protocol diagram is shown in inset). Peak chord conductance (gNa) was calculated at each test potential by dividing peak sodium current by the driving force (reversal potential of -65 mV minus the test potential). Data were normalized to the maximal conductance in each determination. The solid lines are fits to the Boltzmann equation y=1/(1 +e (x-P)Is), where y is the normalized peak conductance, p is the midpoint of the curve, x is the conditioning potential, and s is the Boltzmann slope. Membrane potential (mV) FIGURE 8 . Current tracings showing that heptanol accelerated deactivation of the sodium current. An example of a "clamp back" at peak sodium current in control and 1.5 mM heptanol (top panel). A diagram of the voltage-clamp protocol is depicted beneath the current tracings. From a holding potential of -150 mVthe membrane was stepped to 0 mVfor about 200 psec to allow peak sodium current to develop. The membrane was then stepped back (the clamp back) to -90 mV After capacity correction, sodium current decay during the clamp back could be described as a single exponential, and the time constant of this fit was taken to be the deactivation time constant (4). r was detertnined for various potentials in control and 1.5 mM heptanol, and this r-voltage relation is shown (bottom panel). The depolarizing shift caused by heptanol is in the same direction as the shift observed in the activation-voltage relation.
2.7+0.6 (n=5 exposures to heptanol in two cells). The extent of the depolarizing shift of the midpoint and the flattening of the Boltzmann slope were positively correlated with the concentration of heptanol applied over the concentration range of 0.1-10 mM.
We also examined heptanol's effects on the deactivation of INa (Figure 8 ). The clamp protocol called for quickly changing the membrane from depolarized potentials back to very negative holding potentials at the peak activation of INa (see legend to Figure 8 for details). At a given clamp-back potential, the deacti-vation rate was faster in heptanol than in control (e.g., 44.1 versus 76.7 ,usec at -130 mV). This can be interpreted as equivalent to a depolarizing shift in the deactivation curve, and it is in the same direction as the shift in the activation curve (Figure 7 ).
Discussion
This study demonstrates under rigorous voltageclamp conditions that heptanol has important effects on cardiac INa. It diminished INa at concentrations used to block gap junctions in conduction experiments performed on cardiac preparations; heptanol block of INa at 20°C can be described by a single-site binding curve whose point of half block is 1.3 mM. Also, heptanol block increased slightly with temperature over the range studied. This block reached a steady state after a brief wash and exhibited no increase with repetitive depolarizations of the cell membrane; that is, it exhibited no use dependence. Finally, heptanol caused large shifts in the normal kinetic parameters of the cardiac INa, the most prominent of which are a hyperpolarizing shift in the steady-state voltage dependence of inactivation and a depolarizing shift in the voltage dependence of activation.
The effects of heptanol on INa in nervous tissue have been well studied. In 1964, Armstrong and Binstock7 were the first to show that long chain aliphatic alcohols depressed maximal sodium conductance in squid giant axon. In 1980, Swenson and Oxford6 described more completely the effects of long chain aliphatic alcohols on INa in both squid and crayfish giant axons. They showed that 0.3 mM octanol blocked INa by about 50% at 8°C. They also examined shifts in the activation and inactivation curves; they found no shift in the activation curves and a small, approximately 5 mV, hyperpolarizing shift in the steady-state inactivation curve with 1.0 mM octanol. In 1983, Haydon and Urban5 examined the effects of many substances, including long chain aliphatic alcohols, on INa in squid giant axon. They found that at 6°C the half-block points for heptanol and octanol were 0.93 and 0.29 mM, respectively. They also showed that 0.29 mM octanol shifted the steady-state inactivation curve slightly in the hyperpolarizing direction (about 2 mV) and that it shifted the activation curve about 9 mV in the depolarizing direction. These changes are consistent in direction but are lower in magnitude than those that we report here in cardiac tissue. It has also been shown that heptanol and octanol block slow inward calcium current in cardiac ventricular cells11 as well as endplate current in frog muscle.13 It is interesting to note that the level of cardiac calcium current block with 1.5 mM heptanol was about 65%, which is very similar to the level of block of INa that we saw with the same concentration of heptanol.
Technical limitations in the present study make it impossible to extrapolate the results directly to conditions of physiological interest. First, to achieve voltage control, we used an artificial ionic environment, including a reduced sodium concentration.
Second, the experiments were conducted at temperatures between 10°C and 26°C. The limited number of experiments at different temperatures shown in Figure 3 indicates that the influence of temperature on heptanol effects is not very great and that, if anything, the block increases slightly with increasing temperature. Extrapolation to physiological temperatures must be done with caution, however, because it is uncertain that the upward trend continues at warmer temperatures. Third, the baseline hyperpolarizing shift in activation and inactivation parameters complicates the quantitative description of the shifts caused by heptanol. The washout of heptanol's effects, however, demonstrates that the effects are not likely to be an artifact and that the true shifts are approximated by our calculated values.
The reversible shifts in gating that we observed with heptanol can be interpreted in terms of a simplified Markovian gating model for the sodium channel:
where C represents the class of states that are nonconducting but capable of opening, 0 is the open state, and I represents the inactivated state or class of states. The steady-state inactivation relation is generally interpreted to represent the voltage dependence of the distribution between C and I. The parallel shift in steady-state inactivation caused by heptanol can be attributed to a parallel depolarizing shift of the rate constants along the voltage axis for the C->I and I->C transitions. Interpretation of the peak activation voltage relation is more difficult in terms of this model. In the Hodgkin and Huxley interpretation,20 the results of this protocol represent the steady-state distribution C±O. Clearly, however, the activation time course overlaps inactivation,21 and the 0--I transition "contaminates" this measurement. To the extent that this activation curve does represent the C->O and O--C transitions, the heptanol-induced shift in these transition rates occurs in the depolarizing direction. Over the voltage range -170 to -80 mV, deactivation (O->C) is much faster than inactivation (0-1); therefore, deactivation can be measured in a relatively unambiguous manner (Figure 8 ). This study confirms that the O->C transition is shifted in the depolarizing direction. In general, these shifts would be predicted to slow activation and to speed inactivation at a given potential. Slowing activation would tend to delay time to peak and slow decay of the current, whereas speeding up inactivation would tend to shorten time to peak and enhance decay. Both tend to reduce peak INa. The effect on the time course of INa would depend on the balance of these effects; experimentally, heptanol caused a slight shortening of time to peak and a substantial increase in the rate of decay of INa. The effect of heptanol is to reduce the overlap of the activation and inactivation curves, thus reducing the "window" current. These studies with macroscopic currents predict that heptanol would shorten mean open time and increase latency as measured in single-channel studies. Octanol did reduce end-plate channel lifetime in neuromuscular junctions.13 Confirmation of these predictions for cardiac INa awaits single-channel studies.
The effects of heptanol in diminishing INa, therefore, seem to come about primarily by an alteration in the kinetics of the sodium channel rather than by open channel block (a plug in the pore model). Heptanol and octanol block show no use dependence, which is consistent with this view. In addition, heptanol and octanol seem to modify the activity of many different ion channels. This all suggests that these alcohols may exert their effects by a general mechanism of action, perhaps by altering the lipidprotein interaction for these channels. This interpretation would be in keeping with the hydrophobic nature of long chain aliphatic alcohols as well as with previous descriptions of them as analogues to general anesthetics. 6 Heptanol block of INa has important practical implications. Although heptanol blocks gap junctions,12 studies of action potential conduction in heart have made claims that heptanol is a relatively specific cellular uncoupler. Possible effects on INa were discounted, based on what was considered to be a minimal effect on the action potential upstroke,1'2 but action potential upstroke is a complex and indirect index of INa. The direct measure of heptanol's effects on cardiac INa by voltage clamp in this study indicates that heptanol is not a specific blocker of gap junctions; these effects on active membrane currents should be taken into account when interpreting studies that use heptanol as a cellular uncoupler.
